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TIME-DEPENDENT PROPERTIES OF WELDS IN TYPE 316 STAINLESS
STAINLESS STEEL FORMED~AND-WELDED PIPES*

J. W. McEnerney and V. K. Sikka
ABSTRACT

Creep-rupture, fatigue, and creep—fatigue tests were per—
formed on solution-annealed seam welds from five type 316
stainless steel formed-and-welded pipes. Test specimens were
oriented in both longitudinal and transverse directions with
respect to the axial seam welds. All tests were performed in
air. Creep—rupture tests were performed at 538 and 649°C and
had maximum rupture lives of approximately 7000 h; fatigue tests
were performed at 593°C for total strain ranges of 0,5 and 2,0%;
and creep-fatigue tests were performed at 593°C with total
strain ranges of 1 and 27 and a temsile hold time of 0.1 h.

The results of the creep-rupture tests showed comsiderable
variation among our welds. The submerged-arc (SA) and gas
tungsten—arc (GTA) welds with type 16-8-2 filler metal had the
shortest rupture lives and fell below the Americam Society of
Mechanical Engineers (ASME) Code Case N-47 minimum expected
values. Two GTA welds and one SA weld with type 16-8-2 filler
metal had minimum creep rates (&,) that were 1 to 2 orders of
magnitude greater than rates for an autogenous GTA weld and a
GTA~SA weld with type 316 filler metal. The predicted isochro-
nous stress—strain behavior was comparable with that for minimum
creep rate (i.e., the three welds with high &; exceeded the ASME
Code Case N-47 isochronous stress—strain curves}. The predicted
stresses to the onset of tertiary creep for all welds were in
excess of the code case allowable stresses. The welds
experienced alternating regions of high and low ductility simi-
lar to those for wrought material. However, the SA weld with
type 16-8-2 filler metal appeared to have consistently lower
ductility than the wrought material.

The results of the fatigue and creep~fatigue tests
demonstrated that the welds behaved similarily to wrought
material. Both the fatigue and creep~fatigue (by linear damage
summation) failures exceeded the Code Case N-47 minimum design
requirements. However, the safety margins encountered for creep
fatigue were lower than expected. ‘

Based upon the potential variation in weld metal
properties, we recommend that elevated—temperature qualification
testing be employed to ensure that welds meet minimum required
properties. With additional evaluation the use of such qualifi-
cation tests may make it unnecessary to arbitarily penalize
welds with the one-half allowable strain requirement.

*Work performed under DOE/RRT AF 15 10 15, Task OR-1l.4,
Fabrication Technology.



INTRODUCTION

7 Formed—-and-welded pipe is being considered for fast breeder reactor
(FBR) sodium coolant piping applications. The time~independent properties
of five formed-and-welded plpes were characterized in a previous report.1
The purpdse of this report is to characterize the creep—rupture, fatigue,

and creep—fatigue properties of the five pipes.
DESCRIPTION OF THE PIPES

Five formed—and—-welded pipes were procured in accordance with
modified ASME Code? matérial specifications. The plate used to form the
plipes was manufactured in_accordance with SA-240, tyﬁe 316 (ref. 3), while
the pipes were manufactured in accordance with SA-358 (ref. 4) and SA-312
(ref. 5). The pipes were manufactured and certified in accordance with
the requirements of ASME Code, Sect. III, Div. 1, Class 1 {ref. 6) or 2
(ref. 7). Each of the pipe sections was 1.83 m long, with a 12.77-mm-
thlck wall and a 0.91-m OD prototypic of the Clinch River Breeder Reactor
Plant (CRBRP). The pipes contained a longitudinal seam weld. Table 1
summarizes the identifications, material specifications, code classes,
welding processes, filler metals, final heat treatments, and hydrostatic

test pressures for the pipes. Tables 2 and 3 provide the chemical com-
pos1tions and ferrite content, respectively, of the pipes. Further infor-

mation describlng the pipes is available in the earlier report.1
CREEP~RUPTURE PROPERTIES

Creep—rupture tests were performed at 538 and 649°C in air on weld
specimens that were oriented in transverse and longitudinal directions
with respect to the seam weld. The longitudlnal specimens are all weld
metal, while the transverse specimens are a composite of base metal,
heat~affécted zone (HAZ) and weld metal. However, because of the.
geometry of the wéld-cross section, some of the longitudinal specimens

contaln some base metal. Figure 1 shows the creep—rupture test specimen
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Table 3. Ferrite Content of Formed—-And-Welded Pipes

Ferrite Number

Measured
Pipe Location Calculated Calculated Ferrite
c o
Vendor? Overcheck? Measured (Area %)
E-13 Outside 0 2.2 0.1-0.2 1.6
Center 0 2.2 0.1-0.3 1.3
Inside 0 2.2 0.2-0.4 2.4
F"'14 Outside 4-5 600 3-2_418 7-2
Center 4-5 6-0 2.4—208 5-8
Inside 4.5 6.0 0.6—-1.2 1.8
G-15 All 0 0 0 0
G-16 ALl VI 0 | 0 0
H-22 All 0 0 0 0

- QCalculated from Delong Diagram, using vendor chemical analy-
sis shown in Table 2 and assuming 0.06% N.

bcalculated from Delong diagram, using overcheck chemical
analysis shown in Table 2.

CMagnetic permeability measurements made with Twin City
Testing Corporation Ferritescope, type FE8e2, model B, with 1
probe type KF. Calibration was performed in accordance with
AWS A4.2-74, using Teledyne McKay weld metal secondary standards.
Measurements were made on five specimens sectioned at 0.3—-m inter-
vals along the weld.

dQuantitative television microscope analysis was made on one
specimen per pipe, which was etched with 15 g K3Fe(CN)g, 15 g KOH,
100 mlL Ho0 at 98°C to identify the ferrite phase, The area per-
centage of ferrite was averaged for six 0.150-mm? areas at the
outside, center, and inside of the weld.

design and the location of the specimen relative to the blanks containing
the weld. The temperature of the specimen reduced section was held within
£2°C of the nominal test temperature. ‘Strains during loading and testing
were measured from an averaging extensometer mounted on the shoulders of
the specimen. The stresses were selected to produce rupture times in the
range 100 to 1000 h. l

The creep-rupture data for the welds in the five pipes are summarized

in Table 4, The times and corresponding strains to several important
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events during each test were obtained by visual estimates from strain—time

curves. These included the end of first-stage creep (] and e)), the end
of second-stage creep Or the onset of tertiary creep by departure from
1inearity (3 and eo), and a 0.2% offset from second-stage creep (t3 and
g3). The minimum creep rate (&p) was determined from the'slope of the
strain-time curve during second—étage creep. Figure 2 pictorially defines

.the creep quantities that were examined.

Time to Rupture and Minimum Creep Rate

The ASME Code Case N-47 expected minimum stress-to-rupture values8

(Table 1—14.6B) for type 316 stainless steel and a recently developed

heat—centered model? for type 316 stainless steel have been used to

characterize the rupture life of our welds. The heat—centered model? is

of the form

| log tp=cy +ajc+aylog o+ a3/l , (1)
| .
where
t, = time to rupture, h;
ep, = heat constant;
ai, ap, a3 = least sgquares regression constants;
g = stress, MPa;
T = temperature, K,

j Data from tests of wrought type 316 stainless steel at Oak Ridge Natiomal
Laboratory (ORNL), from other sources within the United States, from the

United Kingdom Atomic Energy Authority (UKAEA), and from the British

E g Steelmaker's Creep Committee (BSCC) were used to develop the constants for

Eq. (1). These constants are listed below:

? | Constant  vValue
Ch(avg) ~11.87
ai —0.01312
an ~2.552

as 20,880




Note that the heat constant, ¢y, is an average value that represents all
the heats of material in the population of 1269 tests. Individual heat
constants can be used to describe various heats of material. The use of
Eq. (1) with the average heat constant enables prediction of the average
rupture life for wrought type 316 stainless steel.

Figure 3 shows a comparison of stress vs rupture life for our welds at
test temperatures of 538 and 649°C. This figure also shows the ASME Code
Case N-47 minimum and the predicted wrought material average, using the
heat—-centered model. Figure 3 shows that the welds in pipes E-13, G—15,
and G~16 were close to the predicted average for wrought material..
However, the welds in pipes F-14 and H-22 fell below the average and in
some cases fell below the ASME minimum. The lower rupture life for F-l4
is related to low carbon plus nitrogen content, as previously reported.l
However, the lower rupture  life for H-22 is related to tne welding process
that was used. The weld in this pipe was made by the SA process. It haé
been reported10 that for high-stress tests on type 16-8-2 weld metal, the

welds made bj the shielded metal-arc (SMA) process were the strongest,

followed by the GTA and SA processes. This trend is followed when com-—

paring the tests for pipes E-13 (GTA) vs H-22 (SA). However, the tests on
pipe F-14 (GTA) had similar rupture lives as those for H-22. This
situation highlights the importance of heat—to-heat variation, which in
this case appears'to have negated the expectedlO difference between the
processes. It is also reportedIQ that for longer term, low-stress tests,
differences in properties of welds made by various processes may gradually
disappear. This is attributed to the promotion of equilibrium
microstructures. 7 '

Figure & provides a convenient method for comparing the rupture lives
of longitudinal vs transverse specimens. Nine points lie on each side of
the line for equal.rupture life, and one falls on the line. Although a
few of the points on the longitudinal side may show a greater difference,
the rupture life between the two orientations does not appear to signifi-

cantly vary.




The ASME Code-Case N-47 does not provide requirements for the minimum
creep rate of structural materials. However, a recently developed9 heat~
centered model can again be used_to predict the average minimum creep rate
of wrought type 316 stainless steel. The heat-centered model is of the

form

log &y = ¢y +ajo+ ay logo —asy/? , (2)
where
&, = minimum creep rate, %/h;
ey = heat constant;
ays ag, a3 = least squéres regression constants;
g = stress, MPaj
T = temperature, K.

Data from ORNL and UKAFA tests were fit to Eq. (2) with the constants

shown below:

Constant Value
aj 0.0097.
as 4,5097
as —24,890

Figure 5 shows a comparison of stress vs minimum creep rate for the welds
in our pipes. This figure also ipcludes the predicted wrought material
~average, using the heat-centered model. Figure 5 shows that the welds
from G-15 and G-16 had lower or equal &, values at all temperatures com-
pared with the average values for the wrought material. The welds from
E-13, F-14, and H-22 had equal or greater &y values at all temperatures
compared with those of the wrought material. It is interesting that the
three welds containing type 16-8-2 filler metal (E-13, F-14, H-22) had the
greatest ém values at all temperatures and stress conditions. The type

16-8-2 filler metal deposited by the GTA process (E-13) had lower ey values
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than those deposited by the SA process .(H#-22). As previously discussed,
pipe F-14 (GTA process) was considered to be weaker from compositional’
differences. The weld with type 316 filler metal (G-15) and the autoge=
nous weld (G-16) had & values about 1 to 2 orders of magnitude lower than
the three with type 16-8-2 filler metal.

Figure 6 shows that the &, values for the longitudinal specimens were
greater than those for the transverse speéimens. Since the longitudinal
specimens will generally be all weld metal, this indicates that the weld
metal creeps at a greater rate than the composite of weld metal, HAZ
and base metal in the transverse specimens.,

A previous report11 has described the use of models contalning an
ultimate tensile strength (UTS) term to predict the time to rupture and

the minimum creep rate of our welds. These models were of the form
log tp = 5138 — 2.181 log ©(13,768/T) — 3771/T5y, » 3

and

log &y = 3.534 + 2.0734 log O — 45,0645, /T + 0.018365;, log O, (4)

ty = time to rupture, h;
g = stress, MPa;
T = temperature, K;

S, = ultimate tensile strength, MPa, at temperature of interest
determined at a strain rate of 8.33 x 1072/s;

&y = minimum creep rate, %/

The model for t, [Eq. (3)] agreed well with our experimental data.
However, the model for en LEq. (4)] predicted values that were mote than
an order of magnitude higher than our experimental values for two of the
five welds (G-15 and G-16). This inaccuracy was attributed to the
oceurrence of flat—top creep curves. Equation 3 provides the ability to

predict %y with only data from a tensile test. As reported,ll this
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predicting capability enables the establishment of a qualification test
procedure to assure that ASME Code Case N-47 minimum time-to-rupture
requirements are meC.

The heat-centered model can also be used to predict % and &p for dif-
ferent welds. Equations (1) and (2) can be solved for the heat constant, '
eny by using experimental values from creep-rupture tests. Table 5 shows

the calculated individual weld heat constants for the ty, and &y models.
respectively. Three cp values were calculated for each weld to represent

longitudinal specimens, transverse specimens, and all specimens.

Figures 7 through 11 show comparisons of predicted t, and &p values with
experimental data. The predicted values used the all-specimen &y con-—
stants. An examination of these figures indicates that the experimental
data fall at or close to the predicted values. The cp constants in

Table 5 provide the same relatlve characterization of the welds, as pre-
viously discussed. Table 5 shows that pipes F-14 and H-22 bave the lowest
ey, values, which result in lower predicted f,. In addition, longitudinal
and transverse ¢y values do not differ greatly. Table 5 also shows that

pipes G-15 and G-16 have the lowest ¢y values, which result in lower pre-

dicted &,. It can also be said that the longitudinal e¢p values are higher
than the transverse ones, indicating a higher predicted & for the longi~
tudinal direction. An examination of Figs. 7 through 11{c) and (d) indi-
cates that separate predictions would more adequately describe the
transverse and longitudinal data. It is important to note that the heat-
centered model was able to predict the &, values for all welds, whereas
the previously described UTLS modelll did not agree with the experimental

data for G-15 and G-16.
Isochronous Stress—-Strain Curves
We have previOusly1 shown that the total true tensile elastic-plastic
stress—strain behavior (up to 5% strain) of our welds can be analytically

described. The plastic behavior was described by

o — op, = [CPep/(l — Pey)] + Hep (5)
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g = stress, MPaj;
opf, = proportional limit, MPa;
¢ = constant (measure of strength level);

P = constant (describes shape of stress—strain curve before steady-—
state hardening, generally P = 500C);

ep = true plastic strain;

¥ = constant (steady-state hardening rate, do/do).

The elastic strain can be determined by usiﬁg'thé relationship between
stress and the elastic modulus. A model has recently been developed by

‘Booker12 where creep strain is described by -

e, = [Cpt/(1 + pt)] + & o (6)
where

¢p = creep—strain, %3

¢ = parameter limiting value of transient primary creep, 4;
; = parameter relating the sharpness of the curviture of the primary
§ creep reglon, 1/h;
>: + = time, hj
E &y = minimum creep rate, %/h, from Eq. (2).

The parameters ¢ and p are described by

p = 1948073, 7)
and
V.OIO’]
¢ = l.162y , (8)

Since &j values were generally greater for longitudinally oriented
specimens, we have limited our analysis to these specimens to provide a

conservative characterization of the weldment. By using the em
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longitudinal specimen heat constants, ¢ (Table 5), and Eqs. (6) through
(8), the creep strain-time behavior for each of our longitudinal creep-
rupture tests was predicted. Figures 12 through 16 show comparisons of
predicted creep strain with our experimental data. The predicted values
were shown to the time of onset of tertiary creep for each test. An exam-
ination of these figures indicates that the use of the predicted values
will generally produce greater than actual strains [?igs. 12¢a), (b), and
(c); 13(a) and (b); 1l4(a); 15(a); and 16(a) and (b)]. Some of the pre-
dicted values were approximately equal to and/or greater than the actual
strain [Figs. l4(a), (¢), and (d) and 15(c)]. Figure 16(c) showed
accurate predictions to about 1.5% before becoming noncoumservative. Im
addition, of the five remaining nonconservative predictions, two appear to
be related to insufficient data [Figs. 12(d) and 13(c)].

Isochronous stress—strain curves can be produced by using the pre—
viously verified! model for temsile elastic-plastic total true strain and
Booker'sl2 model for creep strain. Based upon our analysis of longitudi-
nal tests (which were shown to have higher &, values) and our generally
conservativg predictions of creep strain, we expect that 6ur isochronous
stress—strain curves will consérvatively characterize the weldments from
our pipes. Figures 17 through 21 show the isochronous gtress—-strain
curves for the welds in each of the pipes. These figures used times and
the range of strains as shown in the ASME Code Case N-47 (Figs. T-1800-B-5
and T-1800-B-9). The curves for the welds at 538°C exhibit a compressed
spacing betweeﬁ“the isochronous lines. This behavior is especially
apparent for the welds from pipes G-15 and G-16 {Figs. 19(a) and 20(a)].
The compressed behavior is a result of the previously reported11 flat—top
nature of the creep curve for weld metal as shown in Fig. 22.

A convenient method for comparing the ASME Code Case N-47 isochrounous
stress—strain curves with those for our welds is to construct a table of
predicted stresses to produce a given strain. Because Code Case N~47
limits the strain accumulation in a weld to one-half that for the
surrounding base metal, wé have predicted stresses to produce strains of
0.5 and 1%. The value of 1% strain corresponds with the Code Case N-47

maximum accumulated inelastic strain averaged through the thickness.
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Table 6 provides a comparison of the predicted stresses to produce 0.5 and
1% strains. The. stress values of welds that are less than those for Code
case N-47 are underlined. It is important to note that welds E-13, F-1l4,
and H—22 had lower predicted stresses than the code case for both 0.5 and
1% stralns. The results of this comparison show the same general trends
as previously discussed. The welds in G-15 and G-16 had stress values
that were generally equal to or greater than the code valueé. This is to
be expected since these welds had &, values that were lower than the
average for wrought material, as shown in Fig., 5. The lower stress values
for the welds from E~13, F-14, and H-22 also correspond with the results
shown in Fig. 5. This correlation with minimum creep rate data is
expected since the creep-strain Egs. (6 through 8) have &p terms. The
weld from F-14 had the most stress values that were lower than the code
values. This again corresponds with the previous characterization of the

F-14 weld being weaker because of composition variation.
Time to Onset of Tertiary Creep

The time to omset of tertiary creep is an important instability that
should be considered for design purposes. Previous work9s13 has shown
that time-to-rupture (&,) and time-to—onset of tertiary (#p) data for

wrought type 316 stainless steel can be fit to a model of the form

£y = 0.526¢500% (9)
where
tp = time to onsef of tertiary creep, hj
tp = time to rupture, h.

Figure 23 shows a comparison of time to onset of tertiary creep with time
to rupture. The values predicted by Eq. (9) are also shown as a solid
line on this figure. The experimental data closely follow the predicted

values., The data appear to scacter oY deviate more from the predicted

values for shorter times.
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Equation (9) can be used to describe £y as a function of stress. This
can be donme by using Eq. (1) to determine %, in Eq. (9). Figures 24
fhrough 28 show comparisons of predicted ¢ with experimental data from-
longitudinally oriented weld specimens. The predicted values show good
agreement with the experimental data except for H-22 at 538°C [Fig. 28(a)l.
However, it appears that one data point must be incorrect., When using
these figures it is important to realize that predicted values extend 3 to
4 orders of magnitude beyond the experimental data. A convenient way to
determine if any of the welds would reach their predicted %5 instability
within code case design limits is to construct a tabie of predicted
stresses for the onset of tertiary-creep for various times, Table 7 pro-
vides a comparison of these predicted #5 values with the Code Case N-47
stresses for 0.5 and 1% strains, It can be seen that in all cases Cthe
gtrain-limited code case stresses were lower than the predicted stresses

for onset of tertiary creep in the weld.
Creep Ductility

Thereffect of variables such as temperature, stress, grain size, and
chemical composition on creep ductility have been discussed in a previous
report.14 Figure 29 shows a schematic indicating that variations in these
variables can produce alternating regions of high and low ductility.
Because of those variations, evaluating creep ductility results can be dif-
ficult unless sufficient data exist to define the alternating ductility
regions. The scatter generally associated with ductility data is a
further complication. .Since we have only a limited amount of data for
each weld, it is difficult to clearly define the various ductility
regions. |

Figures 30 and 31 show comparisons of reduction in area {(RA) and
elongation at fracture, respectively, with time to rupture. At 538°C both
RA and elongation appear to be passing through a region of low ductility
(region II of Fig-'29)1 At 649°C the data are scattered too much to
enable an overall characterization. However, the appearance of scattering

may result from the individual welds being in different ductility regioms.
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For elongation at 649°C and to some extent at 538°C, the longitudinal spec-—
imens have greater ductility than the transverse. This indicates that
rhe weld metal is more ductile than the weld metal-HAZ-hase metal
composite. This trend is not present in the RA data because these duc-
tility values cannot represent the entire composite.

To evaluate the cyclic variations in ductility, we have compared RA
minimum creep rate or tensile test strainm rate. Figures 32 through 36
show this comparison with the trend curve fo; the ORNL reference heat of
wrought type 316. These figures indicate that the welds pass through
alternating'ductility regions similar to those for wrought material. The
weld regions appear to be shifted in some cases [Fig. 32(a)] and to have
lower minimums in other cases [Figs. 34(b) and 35(b)}]. The SA weld from
pipe H-22 (Fig. 36) appears to be the only one that can be characterized
as consistently falling below the wrought material trend. When examining
these data it is imporﬁant to remember the amount of potential variation;
furthermore, we are only comparing the welds to one heat of wrought

material.
Characterization of Microstructure

Longitudinal creep-rupture specimens tested at 538°C and 310 MPa have
been examined to characterize the microstructure. Figure 37 shows photo-
micrographs at or near the rupture for specimens from each pipe. As you
may recall from Table 3, the welds from G-15, G-16, and H-22 contained no
ferrite,'while F~13 had a ferrite number (FN) of 0.1 to 0.4 and F-14 had a
FN of 0.6 to 4.8. The effect of the varying ferrite content can clearly
be seenAin Fig. 37. The welds that did not contain ferrite [Fig._B?(c),
{d), and (e)] had extensive intergranular tearing. Both initiation and
propagation of tears occurred along the grain boundaries. In addition,
the grain size in these welds was coarser than that for the weld with 0.6
to 4.8 FN [F~14, Fig. 37(b)]. Two fracture initiation processes appéar to

be occurring in E-13 [Fig. 37(a)]. Intergranular tearing is present in

regions with coarse grain size, while tearing of partially transformed
ferrite islands occurs in finer grained ferrite-containing regions. The

propagation of cracks appears to be both trams- and intragranular. The

e
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fracture process in F-14 [Fig. 37(b)] consists of crack initiation at’ par-—
tially transformed ferrite islands followed by transgranular linkage.
Figure 38 provides a more detailed view of crack initiation at a ferrite
ijsland in F-14. Our characterization of grain boundary processes domi-
natiﬁg in fully austenitic material and changing to matrix deformation
with increasing amounts of ferrite agrees with other reported15

observations.

FATIGUE TESTING

. Fully reversed push-pull strain-controlled fatigue tests were per—

formed in air at 593°C and were conducted in a closed-loop electro-

hydraulic test machine. Uniform gage léngth specimens of the
configuration shown in Fig. 39 were used. Specimen removal from the welds
was the same as showh in Fig. l. Strain was controlled by the use of an
axial extensometer. Both continuous cycling and cycling with a tensile
hold time of 0.1 h ﬁere used. The triangular waveforms and resultant
hysteresis loops are shown in Fig. 40, All tests were performed atra rawp
strain rate of 4 x 10‘315. Speciméns waere induction heatéd in air with
the temperature being‘monitored and controlled by thermocouples spot
welded to the specimen outside.the gage area. The temperature over the
aniform gage section of the ¢pecimen was uniform within %2°C.

Table 8 suﬁﬁarizes the test data. The elastic (Aee) and plastic (Agp)
strain range, the tensile (og) and compressive (op) stress amplitude, and
the relaxation stress (otr)'values for each test were measured from a
hysteresis loop near the half life (Wg/2 or Wp/2). The continuous cycles
to failure (Ny) and cycles to failure with a hold time (Nj) were defined
as the points at which the tensile load dropped by 50%. This was deter—

mined from a continuous strip chart recording of "load vs time.
Continuous Cycling Tests

The Manson~Coffin16 power—law equations can be used to describe the

relationships between cycles to failure and the elastic and plastic strain
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Table 8, Summary of Data for Strain-Controlled, Low-Cycle Fatigue
Testing? of Formed—and-Welded Pipe in Air at 593°C

Values in $tabilized Regfion®

Total -Teneile Cycles to Patlured

Straln Hold

Specimen Orientation? Range, Time, Scrain Range, X Stress Ampiftude, HPa Tenalle Relaxatfon With Hold
bey n Elastic  Plastic  Total Tenaile  C 1 serens, M0 Contimuous  Time
astic astlc ota eneile ompTesglye - ¥
& W Taey ey te) (o) (.} o, Mok oy wp

Pipe E~13

2 L 0,500 0.330 0,170 449.5 222.0 227.5 6840

[] T £.500 0.325 0,175 46046 224,1 236,35 595

17 L 2,000 0.670 1.330 686.7 340.6 346.1 450

18 T 2.000 0.360 L.44D 732.8 a57.8 3r5.0 367

26 L 0.500 0.1 Equipment Halfunctien

27 T §.000 0.1 0,420 0,580 591.5 2%0.2 30L.3 2359.0 264.7 651

5 L 2.000 a.1 0.550 1.450 639.8 317.8 322.0 276.% 288,56 350

36 T 2.000 9.1 0,500 1.500 724.9 358,1 366.8 293.% 305.8 131
Fipe F-14

8 L 0.500 0.315 0.183 346, % 177.% 168.2 15,105

9 T 0.500 0,300 0.200 383.3 191.0 192.3 7,776

i7 L 2,000 0.530 1.470 612.2 328.2 344.0 392

18 T 2,000 Specimen Broke from Machine Halfunction

26 L 1.000 0.1 9440 0.560 454.3 216.5 2317.8 204.0 208.3 1338

27 T 1.000 G.l Invalld Test

35 L 2.000 [ 8§ 0,560 L.440 592.9 2%1.6 301,3 248.2 260.8 208

36 T 2.000 0.1 0.530 L.470 603.9 104.7 299.2 267.2 279.8 320
Pipe G-15

B L 0.500 0,355 0143 408,1 209.6 198.5 18,965

9 T 0.300 0.300 9,200 470.2 235.8 234.4 6,25¢

17 L 2,000 G.540 1.460 862.4 427,86 439.8 182

18 T 2.030 0.600 1.430 827.% 388.F 439.8 212

26 L 1,000 a1 0,480 0.520 £86.0 338.5 67,5 294.7 300.4 27

2t T 1,000 0.1 0,444 0.556 659.% 324.7 3344 279.6 289.5 274

15 T 2.000 0.1 0.480 1,520 665.3 341.3 344.0 294,7 3to.2 9%

26 T 2,000 0.1 0.530 1.450 Thl 166.8 74,3 305.0 319.4 L
Pipe G-16

8 L £.500 0.365 0.135 451.9 231.6 230.3 7,502

- T ©.500 0,300 0.200 470.2 235.8 234.4 17,942

17 L 2.000 : 9.520 L.480 730.8 392.3 398.5 224

18 T 2,020 0.600 . 1.420 785.2 331,9 403,23 374

6 L 1.000 0.1 0.487 0,513 628.3 309.8 318.5 276.7 283.9 234

27 T 1.000 0.1 0.4%4 0.506 650.7 302.6 348.1 274.7 283.1 357

a5 L 1.980 ' 0.625 L.350 683.,2 139,12 344,0 309.4 317.8 177

36 T i.980 0.1 0.610 1.370 108.7 351.6 357.1 307,5 318.% 133
Fipe H-22

8 L 0.500 0.338 0,162 162.0 191.7 170.3 8744

9 T 0,500 0,325 Q. 175 424.7 209.6 215.1 1281

17 L 2.000 0.600 1,400 794.9 386.8 406.1 32z

13 T 2.000 0,538 1,462 696.3 347.5 142.8 245

26 L £.coo 0. 0,484 0.506 492.9 239.2 2537 219.4 217 830

27 T £.000 0.1 0.380 0.620 521.4 266.1 26E.3 236.5 245.%1 398

35 L 2,000 0.4 D.563 1.437 59%.1, 29%.9 299.2 265.8 278.6 70

36 T 2.000 0.4 0.600 E.400 629.4 309.5 %9 265.8 278.6 121

est conducted at strein rate of 4 x 10-3/s on uniforn-gage npeclmenu, ueleg an axial extensometer to conktrol strain.
by, - loagitudinal; T = transverse.
CThe values for the atabilized reghon were generally near Hp/2 or Rpf2.

dThe polnt at which gt decrezaes by 501,




22

ranges for continuous cycling fatigue behavior. These equations are of

the forms
= ANFS
Mee = ANFT (10)
hey = BNJ?B , (1)
and
- = AN =B
Aey = Mgy + Ay = ANp + BHp™ , (12)
where
Ag, = elastic strain range;
Aep = plastic strain range;
Agg = total strain range;
e = cycles to failure;
4, o, B, B = constants.

Wrought material data from a recent survey17 of type 316 stainless steel
fatigue testing were fit by linear regression analysis to Egs. (10) and
(11). The constants that resulted from fitting the data from 19 fatigue
tests to the power-law equations are as follows: for elastic strain
[Eq. (10)] 4 1.343, o = 0.151, and rz = 0.916 and for plastic strain
[Eq. (11)] B = 34.754, B = 0.519, and rZ = 0.980, vhere rZ = the coef-

ficient of determination.

Ik

Figure 41 provides a comparison of total strain range vs cycles to
failure for the welds in our pipes. Values predicted by the previously
described power-law model for wrought material are shown for comparison.
In addition, the ASME Code Case N-47 (Fig. T-1420-1B) inelastic analysis
design line for 593 to 649°C is included8, Figure 41 shows that the data
for our welds consistently fall slightly below the values predicted for
wrought material. However, in all cases the weld data were considerably
above the Code Case N-47 design line. The various welds do not appear to
differ comsistently. Figure 42 shows a comparison of longitudinal vs

transverse cycles to failure. The differences between longitudinal and
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transverse cycles to failure for all welds are not consistent. However,
the weld in G~-16 shows the transverse direction to have a greater life,
while =22 shows the longitudinal direction to be slightly greater.

The data for each weld were fit by linear regression amalysis’to the
Manson—Coffin power-law relationships [Egs. (10) and (11)}. We did this
to enable estimation of individual weld ¥ values for linear damage sum-—
mation (LDS) analysis of creep-fatigue data to be presented in a later
section. Table 9 summarizes the constants that resulted frém fitting the
data. Figure 43 shows how the values predicted by the resulting power—law
equations compare with the actual data. Although the data are limited,
the predicted values agree reasonably well with the available data. The
data for weld G-16 [Fig. 43(d)] deviate the most. This results from the
previously discussed differences between the longitudinal and transverse
directions.

Figures 44 through 48 compare tensile stress amplitude gy vs percent-—
age cyclic life for continuous cycle fatigue tests on the welds from each
pipe. These figures conveniently make relative comparisoms of strain
hardening, stress amplitude, crack initiatiom, and crack propagation
characteristics among the various welds. The tensile stress amplitude
values were used instead of the total stress values because the
compressive component would misrepresent crack extension. Except for the
2.0% strain range tests for the welds in G-15 and G-16 (type 316 filler
metal and autogenous, respectively), the remaining welds strain hardened
and reached a steady or nearly steady stress amplitude condition within 5
to 10% of the cyclic life. Whereas, G-15 and G-16 did not reach a steady
04 until 20 to 30% of cyclic life. The welds with the lowest stress
amplitude (F-14 and H-22) were the same ones that had the lowest creep-
rupture lives and UTS values. Both the percentage of cyeclic life at which
crack initiation occurs and the rate of crack propagation varied somewhat.
These differences predominated between Iongitudinal'and transverse speci-
mens tested at a Agy of 0.5%. However, the variation showed no clear
trend. A recent study18 of the effect of fatigue specimen geometry indi-
cated that surface flaws present during low strain range tests have more
influence on uniform—gage specimens. Some of the variation with ini-

tiation might be caused by this effect.
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Table 9., Summary of Constants® Resulting from
Fitting Data to Power-Low Relationships
Between Cycles to Failure and Elastic
and Plastic Strain Ranges

Elastic Strain Plastic Strain

A a Pl B B 72

E-13 2.051 0,202 0.932 86.696 0.690 0.991
F-14 1.334 0.157 0.940 50.582 0.598 0.981
G-15 1.089 0,127 0,825 22.439 0.523 0.992
G-16 1.230 0,140 0,915 32,063 0,557 0.910
H-~22 1.393 0.159 0.949% 53.703  0.641 0.997

Pipe

AThe equation for elastic strain is Agg = AN_G,

and the one for plastic strain is Aep = Bﬁ;ﬁ, where
Nf = c¢ycles to failure. ?2 = coefficient of
determination. '

Figures 49 through 53 show photomicrographs 6f secondary cracks in
longitudinally oriented continuous cycle fatigue specimens tested at 593°C
and 2.0% total strain range. The welds in pipes E-13 (Fig. 49) and H-22
(Fig. 53) contained only a few secondary cracks. However, these cracks
had propagated extensively. The welds from pipes F-14, G-15, and G-16
(Figs. 50, 51, and 52) contained a larger number of secondary cracks that
had not propagated much. In general, the secondary cracks for all pipes
propagated transgranularly with no observable damage ahead of the crack
tip. TFigure 50 shows that ferrite is not involved in the crack propaga-
tion process. However, it is important to note that the ferrite has not
transformed and therefore may behave diffefently if it were transformed.
Our observations of transgranular crack propagation for continuous cycle
fatigue tests are consistent with results reporte619 for type 16-8-2 weld
metal deposited by the SA process.

Cycling with a Tensile Hold Period
Figure 54 shows a comparison of total strain range vs cycles to

failure for fatigue tests with a tensile hold period of 0.1 h. In addi-

tion to the data from our welds, this figure also includes wrought
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type 316 data from a recent compilation.17 The data from our welds fall
within the scatter of the wrought material data. It.is important to note
that the wrought material data represent only two heats, with one heat

(65808) predominating. Therefore, although our weld data compare with

values available for wrought material, a larger number of heats is needed
to make the comparison more meaningful. Figure 54 does not show any clear
trends among the various welds. Figure 55 compares longitudinal vs trans-
verse cycles to failure. Although five out of eight points indicate that
the longitudinal specimens have a greater Nﬁ, the reversal of the trend
for two welds and the generally small differences make it difficult to
determine if one direction is favored.

The ASME Code Case N~47 uses the LDS approach to design for creep
fatigue in welds. This approach defines creep-fatigue damage D, as the

sum of creep, D,, and fatigde, Df, damage components gilven by
D =D,y + Df . (13)

Failure occurs when D reaches a critical value. The creep and fatigue

damage.componénts are given by

Do =2 tltp, (14)
7 7
and
Df = 2nlly ., , | (15)
J J
where
t = time,
ty, = time to rupture,
n = number of cycles,

continuous cycles to failure.

=
-
H
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The creep damage, Dg, 18 the summation of the different

time fractions of

rupture life that occur during stress relaxation in the hold period.

Campbe1120 outlined an approach for analyzing D using type 304 stainless

steel creep-fatigue data. BookerZl recently used this technique to exam-—

ine ? 1/4 Cr-1 Mo data. The approach involves mumerical

integration of

the hold period relaxation curve to caleulate creep damage per cycle.

Depending upon whether test results are to be compared W
with Code Case N—47 requirements, the integration would

using t, or T4 given by

ty th |
Dp(1) =j- dt/ty or_[ dt/Tq »
0 0 _

where
Dp(1) = creep damage per cycle,
ty = held time,
t, = time to rupture for mateiral of interest,
T4 = Code Case N-47 a‘lowéble time for stress va

Fig. I-14.6B that were divided by the reduc
Table T-141l-1.

To perform the numerical integration, a relationship bet
ty, or T4, and time must be established. By using Eq. (

specimen heat constant for each of our welds (listed in

ith actual data or

be performed by

(16)

lues in
tion factor from

ween rupture life,
1) with the all-
Table 5), ty can

be defined in terms of stress (since temperature is known for each test,

it is assumed constant). Expected minimum stress—ruptur
Case N-47, Table I-14.6B, for 593°C were fit to a polyno
continous function for integration. Stress as a functio

our relaxation periods can be described by the Gittus2?

iIn ((}t/g) = eth ,

where

peak ténsile stress,

Q
1}

stress at time %,

Q
n

constants.

=
I

Cs

e values8 from Code
mial to provide a
n of time during

equation given by

an
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The constants ¢ and m can be determined from

= In {1 14 .1 1
m n {ln (Ut/GO.l)/ln (ot/og,, )1/ 1n (0 th/f:h) , (18)
and
¢ = 1n (og/op,)/Eh » | | (19)
where
o4 = peak tensile stress,
0y, = stress at time 0.1%y,

th = relaxed stress at end of hold period,

hold period.

<t
=
]

. The wvalues of oO¢, Og.1° and Gtr were measured from the relaxation curves
for each.of our tests and can be found in Table 8. Once the creep damage
per cycle, Dg(1), 1is determined by using the above approach, the creep

damage'component, Dp, can be determined from
Dg = NyDa(1) . (20)

where Ny = cycles to failure with hold time. The fatigue damage
component, Df, would be determined by using either N or N4, depending
upon whether data or Code Case N-47 requirements, respectively, are used

for comparison. The value of Df would then be given by

Dp = Np/lg or Np/Ng » ‘ o2
where
Nh = cycles to failure with hold time for material and conditions of
interest, .
Nf = continuous cycles to failure for material and conditions of
interest,
Ng = number of Code Case N-47 design allowable cycles from Fig. T-
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The results of LDS analysis by using values derived from data (fp and Nf)
and Code Case N-47 limits (74 and Ng) are presented in Table 10. Note
that when Nf data were not available, values predicted by Eq. (12), with
constants shown in Table 10, were used. TFigure 56 shows our LDS data,
using t, and Nf plotted on a damage diagram that includes Campbell‘s20
average and minimum trend curves for a heat of type 304 stainless steel.
Campbell had defined Nf and Ng as the number of cycles to 5% drop in load;
since we have used a 50%Z drop, comparison of our LDS data with Campbell's
may be affected for tests with long crack extention times. An examination
of Fig. 56 shows that over 80% of our data falls below the average trend
curve. However, all_our data are above the minimum trend curve.
Campbell's average trend curve was used as the Code Case N-47 creep—
fatigue damage envelope for types 304 and 316 stainless steel shown in
Fig. T-1420-2. A safety factor is introduced into this figure by using
the t4 and ¥j values [from Eq. (16) and (21), respectively] to perform the
LDS analysis. Figure 57 shows our data for the LDS analysis, using T4 and
Ng. It is evident that all our tests showed failures that exceeded the
code case limits. However, our data varied coﬁsiderably for the margin of
safety, which fanged from about 5 to 80, using a 45° line through the cusp
of the code case damage envelope to determine the multiple of Dp = 0.6,
The Eafety margins were lower than expected. This can be explained by
examining Fig. 56. As previously discussed, this figure shows that over
80% of our tests failed below Campbell's average trend curve. Since Code
Case N-47 uses this curve and applies separate safety factors through
stress—-rupture and fatigue design curves, it would be consistent for our
data to show a reduced safety margin.

Figures 58 through 61 show photomicrographs of secondary cracks in
longitudinally oriented fatigue specimens  tested with a 2.0% total strain
range and a tensile hold period of 0.l h. It was previously discussed
that longitudinal specimens might contain some areas of base metal within
the gage length. This occurred for two specimens, F-14 and G-16 (Fig. 60),
within the current group we were examining. No secondary cracks were
observed on the weld metal edge of the specimen from F-l4. 1In addition,

no damage was observable in the weld metal away from the edge. Secondary
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Table 10. Creep—Fatigue Linear Damage Summation Data%

- Using ty and Nf Using T4 and N4

specimen Creep Damage Creep Fatigue Critical  Creep Damage Creep Fatigue Critical

per Cycle,b Damage,® Damage, Damage,®  per Cycle,b pamage,® Damage, Damage, ©
E-13-27 2,968 x l0f 0.193 0.407F 0.600 1,981 x 1072 12.896 16.275% 29,171
E-13-35 8.336 0.292 0.667 0.959 2,397 8.390 17.500 25,890
E-13-36 13,040 0.171 0.338 0.509 3.122 4,090 6,550 10,640
F-14-26 1.088 0.146 0,743 0.889 1.696 22.692 33.450 56.142
F-14-35 8.027 0.167 0.447 0.614 1.89% 3.950 13,400 14,350
F-14-36 14,250 0.456 0.688 1.144 2,476 6.963 16.000 22,963
G-15-26 5.158 0.164 0.2648 0.428 3.013 9.551 7.925 17.476
5 c-15-27 4,029 0.110 0.228F 0.338 2.463 : 6.749 6.850 13,599
| G-15-35 6.279 0.060 0.527 0.587 3.317 3,184 4,800 7.984
| G-15-36 11.820 0.108 0.429 0.537 4.093 3.725 4,550 8.275
| 6-16-26 3,826 0.090 0.156f 0.246  2.337 5.46% 5.850 11.319
{ G-16-27 3,557 0.127 0.238f 0.365 2,300 8.211 8,925 17.136
| G-16-35 13,940 0.247 0.290 1,037 4,220 7.469 8.850 16.319
§ G-16-36 13.490 0,179 0.356 0.535 4,182 5.562 6.650 12.212
i H-22-26 - 1.596 0.132 0.6380 0.770 1,724 14.309 26,750 35.059
? H-22-27 3,486 0.139 0.306F G.445 1.797 7.152 9.950 17.102
i H-22-35 12,500 0,088 0.207 0.295 2.150 1,505 }.750 3,255
* H-22-36 12,340 - 0.149 0.494 0.643 2.150 ) 2.602 3.025 5.627

at, = time to rupture; Ng = continuous cycles to failurej T4 = Code Case w47 allowable time for
stress values in Fig. [-14.6 that were divided by the reduction factor from Table T-1411-1; Ngq = number
of Code Case N—47 design allowable cycles from Fig. T-1420-1.

\ ‘
bp.(1) =f " dt/tp, shere £y = hold time.
¢ r h
0

GDC
dbf

2p = Do + Dp.

il

WpDs(1), where Np = cycles to failure with hold time.
Nyp/¥pe

1§

fised predicted‘Nf to calculate value,
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cracks were present in the base metal and propagated intergranuiarly.
Cracking appeared to initiate on the base metal side and propagate across
to the weld metal. The specimen from G—161{Fig. 60(a)] had approximately
0.65 mm of base metal at one edge. - It can be seen that cracks propagated
intergranularly through the base metal. Propagation of the cracks into
the weld metal depended upon intersection with.a weld metal grain
boundary. Some base metal cracks were not able to propagate into the weld
metal., In addition to crack propagation from the base metal, cracks were
initiating independently in the weld metal along grain Boundaries. The
specimens that contained all weld metal, E~13, G-15, and H-22 (Figs. 58,
59, and 61) contained sécondary cracks that initiated either transgranu-

larly [Fig. 59(b)] or intergranularly [Fig. 61(b)] and then propagated

.intergranularly. The initiation process depended upon grain orientation.

The géain orientation for H-22 [Fig. 61(b)] was perpendicular to the

stress direction and therefore provided favorable conditions for intergran-
ular initiation. Figure 61(a) also shows the presence of oxide formation
along the secondary crack. Damage at ferrite islands away from the speci-
men edge can be seen im Fig. 58(b). However, propagation of secoundary
cracks does not appear to be dependent upon damaged ferrite.

Qur characterizationlof both matrix and intergranular cracking, with
the latter predominating, corresponds with previously reportedl9 observa-
tions for type 16-8-2 weld metal deposited by the SA process. 1In
addition, our observations for F-14 (no secondary cracks in weld metal) and
G-16 [Fig. 60(b)] support the reported19 higber resistance of weld metal

to interphase cracking.
DISCUSSION

The ASME Code Case N-47 considers time-dependent material properties
and guards against time-dependent rubture modes such as creep-rupture,
fatigue, creep fatigue, aﬁd gross distortion from ratchetting. The design -
of components is based upon the control of both load and deformation. The
control of these désign parameters must then bhe translated into material

property requirements.
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The material properties needed to meet design load controls are pri-
marily assured through a knowledge of the material's creep—rupture
behavior. The relationship between load and time to rupture, £, 1s used
to construct models that will ensure the proper safety margins. Our anal-
ysis has shown that our welds had £, values that ranged from sllghtly
below the Code Case N-47 minimum to above the average for wrought material
(Fig. 3). The variation of weld metal time—to-rupture values has been
previously reported.10:11’15323f25 The variation between welds results
from variables such as welding process [SMA,'GTA, gas metal-arc (GMA),
sAl, filler metal and flux composition, arc atmosphere composition, dilu-
tion (function of base metal composition), heat input (function of
amperage, voltage, travel speed, and process characterlstlcs), and heat
treatment (all our welds were solution annealed, whereas most austenitic
stainless steel welds are used as welded). The tr values for welds have
generally been reported10323“25 to be within the scatter for wrought
material. In addition, it is also reported10 that some differences in
weld metal properties will probably be reduced after long service periods
as a result of mlcrostructures reaching equilibrium conditions.

The most prudent approach for ensuring that welds meéet the deslgn
requirements for #, would be to require procedure qualification tests for
high-temperature service. A method that utilizes elevated—-temperature UTS
has already been reported.11 However, short—term creep-rupture tests
could also be used to verify that minimum property‘requiremenﬁs have been
met. Based upon our tests of solution—annealed longitudinal seam welds
and the result510123*25 of tests on as-depositgd and heat-treated welds,
it is apparent that welds can be produced that have equal or greater
ty values than wrought material. Therefore, with proper qualification
testing it should be possible to ensure that welds will meet load-
controlled design requirements.

Strain-controlled design requirements would be associated with
material properties that are determined by temsile, creep-rupture, and
fatigue behavior. Although creep—fatigue behavior is also an important
consideration for strain control, we will treat it separately, as does

Code Case N-47. Strain-controlled design requirements limit -both the
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total accumulated strain during life and the magnitude and number of
strain revergals resulting from fatigue. The code case utilizes a
knowledge of isochronous stress—-strain behavior to limit total accumulated

strain. The isochronous stress-strain curves are determined from both

tensile elastic-plastic and creep—-strain behavior. For normal service

life, mwinimum creep rate, ém, becomes the most important material property
to describe accumulated strain. However, Code Case N-47 does not provide
limits for &p. We have shown that the &y values for our welds fall above
and below tﬁe average for wrought material (Fig. 5). The autogenous weld
and the one with type 316 filler metal showed &y values that were 1 to 2
orders of magnitude lower than %alues for type 16-8-2 deposited by the GTA
or SA processes. A range of &y values for as—deposited and heat-treated
welds, that fall above and below trend curves for wrought material have
been reported.24 The variability of weld metal &; values again highlights
the desirability of performing a qualification test. However, since Code
Case N-47 does not provide requirements, minimﬁm values based upon wrought
material properties would need to be established. The previously
reportedl; method that used UTS to predict & was not able to predict the
behavior éf flat~top creep curves. However, the recentlyg developed heat-
centered models for £, and &; would provide a convenient method for
establishing minimum requirments to be used for'creep“rupture gqualifica-
tion testing. .

In addition to limiting the total accumulated strain, the code case
seeks to avoid instabilities in welds that could lead to sudden failure.
To do this, the total inelastic strains accumulated in the weld are not
allowed to exceed one-half the strain values permitted for the base
material. This one-half allowable strain is used to guard against limited
ductility in the weld metal and high strain concentrations (both
metallurgical and geometric) in the HAZ. We have already shown (Table 7)
that our welds would not reach the tertiary creep instability for the code
case allowable stresses for total accumulated strains of 0.5 and 1.0%.
Ductility has been reportedl4 to pass through alternating high and low
regions resulting from variations in temperature, stress, grain size, chem—

ical composition, and material condition (Fig. 29). Because our data was
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1imited, it was hard to characterize the alternating regions. However,
Figs. 32 through 36 show that, except for the ‘SA weld (pipe H-22), the
weld ductility was generally comparable with the trend curve for the ORNL
reference heat of wrought type 316 stainless steel. Large variations in
weld ductility data have been reportedms24 by other investigators and
have been acknowledged24 as comparable with the scatter for wrought
material data. However, the similarity in alternation of weld metal and
wrought material ductility is not discernable until corrected for strain
rate effects, as shown in Figs. 32 through 36.

The use of qualification test data to meet minimum ductility require-
ments would be difficult because of the inherent scatter. However, at the
game time it appears that the one-half allowable strain imposed upon the
weld metal is not justified for all welds based upon low ductility cri-
teria. For our welds, metallurgical and geometric strain concentrations
in the HAZ may not.apply since our solution annmealing has eliminated most
effects except for some grain growth.

Table 6 has shown that three or our five welds have greater predicted
strains for given stresses as compared to the code case for both full and
one—half allowable strain. However, it should be recalled that our pre—
dictions are generally conservafive. Other work has shown?? that

GTA-deposited type 16—8-~2 welds have isochrounous stress—-strain behavior

that- is comparable to wrought material. It therefore appears that high-—
temperature qualification of welding procedures is a more sound approach
than the one-half allowable strain rule.
The fatigue aspect of design control of strain was addressed in
Fig. 41. This figure shows that our welds fall just below the average for
wrought material but well above the code case inelastic design line. In
addition, other workl9 has shown that SA-deposited type 16-8-2 weld metal
had pgreater resistance to fatigue loading than a heat of wrought material.
It is hard to relate the code case LDS approach for analysis of creep
fatigue directly to material properties. However, our data.(Fig. 52) and
those of Raskel? indicate that the weld cycles to failure, Ny, fall within
the scatter for the available wrought material data. Figure 57 shows that

our creep-fatigue failures occur in excess of the code case creep-fatigue

damage envelope. However, the design safety margin may be somewhat reduced.
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Based upon the foregoing discussion, it is reasonable to expect that
welds can be made that can have adequate propefties to meet base metal
design requirements. However, it also appears that elevatedwtempefature
qualification testing should be performed to assure that minimum require—

ments are met. With the use of this qualification testing, it might then

be justifiable to drop the one-half allowable strain penalty for welds.
CONCLUSIONS

The following conclusions canrbe made based upon the results of
creep-rupture, fatigue, and creep-fatigue tests on the welds from our five
formed—and—welded plpes.

1. Time-to-rupture values varied from below the ASME Code Case N-47
minimum to above the the average for wrought material. The SA weld and a
GTA weld with low carbon and nitrogen had the lowest values.

2. Minimum creep rate values were above and below the average for
wrought material. The longitudinally oriented specimens had greater creep
rates than those with a transverse orientation. . The values for the auto—
genous weld and for the one with type 316 filler metal were 1l to 2 orders
of magnitude lower than the values for the three welds with type 16-8-2
filler (two GTA, ome SA). |

3. Conéervative predictions of our weld isochronous stress—strain
behavior resulted in predicted strains for three welds in excess of the
ASME Code Case N—47 requirements. These weré the same welds that
experiedced'higher minimum creep rates.

4. We predicted the time to onset of tertiary creep for our welds to
occur well in excess of the stress limits for ASME Code Case N—47.

5. .Our welds experience the same type of alternating ductility
reglions found in wrought material. Except for the SA-deposited type
16-8-2 weld, the ductility appeared to be comparable with the wrought
material. ' |

6. The fatigue cycles to failure, Nf, values of our welds were
slightly lower than values for wrought material but were well in excess

of the ASME Code Case N-47 inelastic design live.
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7. The creep—fatigue cycles to fallure, Ny, values of our welds were
comparable with those for the available wrought material.

8. Although our creep-fatigue failures were in excess of the ASME
code Case N-47 creep~fagtigue damage envelope, our safety margins were
tower than expected.

9, Based upon the variation in time—dependent weld properties that
we have seen in our data and in data from others, it appears justifiable
to require elevated—temperature qualification testing of weld procedures

rather than arbitrarily penalizing all welds.
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Fig. 2. Definitions of Creep Quantities Examined.
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Fig. 32. Comparison of Reduction of Area for the Welds in Pipe E-13
with the Trend Curve for the ORNL Reference Heat of Wrought Type 316 Stain-
less Steel. (a) 538°C. (b) 649°C.
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Fig. 33. Comparison of Reduction of Area for the Welds in Pipe F-14
with the Trend Curve for the ORNL Reference Heat of Wrought Type 316 Stain-
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Fig. 37. Longitudinal
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at 538°C and 310 MPa. Locations
are at or near the rupture in
weld metal. Etchant: 50 HNO3—50
HpO applied electrolytically.

(a) E-13. (b) F-l4. (e) G-15.
(d) 6-16. (e) H-22.
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Fig. 38. Longitudinal Creep-Rupture Specimen from F-14 Tested at
538°C and 310 MPa. Etchant: 50 HNO3—50 Hp0 applied electrolytically.
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Fig. 40. Fatigue Cycling Waveforms and Resultant Hysteresis Loops.
(a) Continuous cycling. (b) Cycling with a tensile hold period.
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Fig. 49. Secondary Cracks in Longitudinally Oriented Continuous Cycle
Fatigue Specimen from Pipe E-13 Tested at 593°C and 2.0% Total Strain Range.
Locations are at or near the specimen edge in weld metal., (a) Unetched.

(b) Etchant: 50 HNO3—50 HpO applied electrolytically.
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Fig. 50. "Gecondary Cracks in Longitudinally Oriented Continuous Cycle
Fatigue Specimen from Pipe F~14 Tested at 593°C and 2.0% Total Strain Range.
Locations are at Or near the specimen edge in weld metal. ({a) Unetched.

(b) Etchant: 15 g KaFe(CN)g, 15 8 KOH, 100 mL HpO at 98°C.
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Fig. 51. Secondary Cracks in Longitudinally Oriented Continuous Cycle
Fatigue Specimen from Pipe G-15 Tested at 593°C and 2.0% Total Strain Range.
Locations are at or near the specimen edge in weld metal. (a) Unetched.

(b) Etchant: 50 HNO3—50 Hp0 applied electrolytically.
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Fig. 52. Secondary Cracks in Longitudinally Oriented Continuous Cycle
Fatigue Specimen from Pipe G-16 Tested at 593°C and at 2,0% Total Strain
Range. Locations are at or near the specimen edge in weld metal (a) Unetched.

(b) Etchant: 50 HNO3—50 Hp0 applied electrolytically.
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Fig. 53. Secondary Cracks in Longltudinally Oriented Continuous Cycle
Fatigue Specimen from Pipe H-22 Tested at 593°C and at 2,0% Total Strain
Range., Locations are at or near the specimen edge in weld metal.

(a) Unetched. (b) Etchant: 50 HNO3~50 Hy0 applied electrolytically.
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Fig. 54, Comparison of Total Strain Range vs Cycles to Failure for
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‘04 ORKL-DWG #0-10978
- [T TETTT] T T TTTIT] T T 1711714
5 [ .
PPE -
© E-13
2 o F-ie —
& G5
5 b G-16
dyo? |— b H-22 —
frd - [ =
e .
) ]
E - -
5 e o -
d a
£ 2 o -~
B 4
E
2
Q02 — LINE FOR EQUAL _
PR st CYGLES TO FAILURE 1
Z‘ — b ’ -
5 (— —
2 |—
1 P L1tk | A It 1 1) kle
[t

1ot z 5 10? 2 ) w0 2 s 10*
Ny, TRANSVERSE CYCLES ¥0O FAILURE

Fig. 55. Comparison of Longitudinal vs Transverse Cycles to Tailure
for Fatigue Tests at’ 593°C with a Tensile Hold Period of 0.1 h.



80

OAHL - OWG B80-109T3

0.9 |—

08 p

OF o

°
4
I

. CREEP DAMAGE

DC
2

[}

I 1 1 | I

ORIENTATION PIPE
L7
o EI3
a L] F-14q
o e 618
& A G4
& w2z

CAMPBELL'S AVERAGE TREND CURVE
FOR TYPE 304 STAINLESS STEEL

CAMPBELL'S MINiMUM
TREND CURVE
TYPE 304 STAINLESS
STEEL

FOR

02 03 [eX] 0.3 0.6

D, FATIGUE DAMAGE

0.8

03 1.0

Fig. 56. Comparison of Linear Damage Summation Data (Using ty, Time

to Rupture, and Ng,
Curves for Type 304
Campbell's data:

Continuocus Cycles to Failure) with Campbell's Trend
Stainless Steel Creep~Fatigue Tests.

R. D. Campbell, “"Creep/Fatigue Interaction Correlation

[Source of

for 304 Stainless Steel Subjected to Strain-Controlled Cycling with Hold
Times at Peak Strain," J. Eng. Ind. 93: 887—92 (November 1971).]

CRHL-DWG 80-t2319

100 - T T 7T T T TTTTT] [~ T T TTTTh
= CRIERTATION FWE E
50 |- . ' ]
o o . E-13 -
] F 14 i
B o 5615
A A G-16 o
20 |- [ £
IS
10 o o ] -
b 8 o
8 F o -
=1 - ad e
Hs 3
a [ + * 0 -
o L o -
& .
4
s
s
= ]
3 ASME COOE CASE N-47 7
- INELASTIC CREE P~ FATIGUE -
0.5 DAMAGE ENVELOPE FOR 4
TYPES 104 AND 316 =
X STAINLESS STEEL
I R
0.2 |- -
ot 1 oo s 1yl for sl [ EEET
‘s 0.2 0.5 1 2 5 10 20 50 1=

Fig. 57,
with the ASME
Types 304 and
stress values

316 Stainless Steel.

Dg, FATIGUE DAMAGE

Comparison of lLinear Damage Summation Data (Using Tq and Nd)
Code Case N-47 Inelastic Creep-Fatigue Damage Envelope for
T4 = Code Case N-47 allowable time for
in Fig. I-14.6 B that were divided by the reduction factor

from Table T-1411-1; N4 = number of Code Case N-47 design allowable cycles

from Fig. T-1420-1,
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Fig. 58. Secondary Cracks in a Longitudinally Oriented Fatigue
Specimen from Pipe E~13 Tested at 593°C with a 2,0% Total Strain Range and
| a Tensile Hold Period of 0.1 h. Locations are at the specimen edge in
| weld metal. (a) Unetched. (b) Etchant: 15 g K3Fe(CN)g, 15 g KOH, 100 mL
Hp0 at 98°C.
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Fig. 59. Secondary Cracksd in a Longitudinally Oriented Fatigue
Specimen from Pipe G-15 Tested at 593°C with a 2.0% Total Strain Range and
a Tensile Hold Period of 0.1 h. Located at the specimen edge in weld
metal, (a) Unetched. (b) Etchant: 50 HNO3—50 H,0 applied

electrolytically.
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Fig. 60. Secondary Cracks in a Longitudinally Oriented Fatigue
Specimen from Pipe G-16 Tested at 593°C with a 2.0% Total Strain Range and
4 Tensile Hold Period of 0.1 h. Located at the specimen edge in both base
metal and weld metal. (a) Unetched. (b) Etchant: 50 HNO3—50 Hp0
applied electrolytically.
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Fig. 6l. Secondary Cracks in a Longitudinally Oriented Fatigue
Specimen from Pipe H-22 Tested at 593°C with a 2.0% Total Strain Range and
a Tensile Hold Period of 0.1 h. Located at the specimen edge in weld
metal. {a) Unetched. (b) Etchant: 50 HNO3—50 Hp0 applied
electrolytically,
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